This study evaluates the effectiveness of different techniques to remove fibre posts from root filled teeth in vitro. One hundred and fifty-three extracted single-rooted teeth were decoronated, root-canal treated and divided into three groups (n = 51). Post spaces were prepared for different types of fibre posts: glass fibre, quartz fibre, carbon fibre. Each group was divided into three subgroups with regard to the post removal technique (n = 17): SonicFlex Endo, long-shaft round bur, DT-Post removal kit. Residual material, loss of dentine, working time and procedural errors were assessed using computed tomography. Statistical analysis was performed with a one-way ANOVA (a = 0.05). The highest effectiveness was achieved with the sonic tip and the round bur. A high prevalence of perforations or severe deviations from the root axis was observed for all groups. No technique presented favourable results in all assessed parameters. There is a high risk of perforations.
Introduction
Root filled teeth with extensive loss of hard tissue frequently require a post and core to ensure sufficient retention of the coronal restoration (1, 2) . In case of root canal retreatment, a post should be safely and easily removable in order to allow for non-surgical root canal retreatment. Although endodontic surgery yields initial success, nonsurgical retreatment offers more favourable long-term outcomes and should be preferred (3) . A survey of endodontists in the United States revealed that many general dental practitioners believe that post removal often results in tooth fracture or perforation of the root (4) . Therefore, in teeth with posts present in the root canal, the most commonly chosen alternative to root canal retreatment is periapical surgery (4) . Nevertheless, posts can be predictably removed from root canals, and fractures are unlikely to occur as long as devices and techniques for post removal are appropriately chosen depending on the type of post (5) . Metal posts in most cases can be removed using ultrasonic vibration which breaks down the surrounding cement and allows for safe post removal (4, 6) . Over the last decade, fibre posts have gained popularity and are the most frequently used types of posts (7) . These prefabricated posts consist of longitudinally orientated fibres (e.g. carbon, quartz, zirconium or glass) embedded in an epoxy-resin matrix (8) .The structure provides a modulus of elasticity similar to that of dentine which makes root fracture more unlikely than for teeth restored with metal posts (5) . Several devices and techniques are available and have been proposed for the removal of different types of posts, including ultrasonics, sonics, round burs, as well as specially designed kits of burs, for example the DT-Post removal kit (VDW-Antaeos, Munich, Germany) (1, (8) (9) (10) . This kit consists of a pilot drill which creates an initial hole into the coronal portion of the post, and is followed by a carbide bur to drill out the entire post.
The aim of the study was to evaluate the effectiveness of three different techniques to remove glass, quartz and carbon fibre posts from root filled teeth in vitro. Completeness of post removal, amount of dentine removal, working time and procedural errors were assessed and compared in extracted teeth.
Materials and methods
One hundred and fifty-three extracted human teeth were used. Criteria for inclusion were: single-rooted teeth with straight roots, complete root development, no previous root canal treatment and at least 15 mm root length. All teeth were decoronated with a diamond bur to a standardised root length of 15 mm. A size #15 K-File was used to ensure patency and working length was established at 14 mm, which was verified radiographically. Root canal preparation was performed with FlexMaster rotary NiTi-instruments (VDW-Antaeos) to size .02/35. The root canals were irrigated with 2 mL of 3% NaOCl between instrument changes. A final flush of 5 mL 17% EDTA and 5 mL 3% NaOCl was applied. The root canals were dried with paper points and obturated with laterally compacted gutta-percha (VDW-Antaeos) and sealer (AH Plus, Dentsply Maillefer, Ballaigues, Switzerland). The teeth were stored in 100% humidity at 37°C for 1 week to allow setting of the sealer. The specimens were randomly divided into three groups (n = 51) according to the type of fibre post:
GF: glass fibre post (Easy Post, size 02, Dentsply Maillefer), QF: quartz fibre post (DT White Post, size 01, VDW-Antaeos), CF: carbon fibre post (Cytec HT Post, size 02, Hahnenkratt, K€ onigsbach, Germany).
The teeth were prepared for post insertion according to the manufacturers' instructions with the accompanying drills. Prior to post insertion, all root canals were irrigated with sodium hypochlorite and ethyl alcohol, conditioned with 36% phosphoric acid (DeTrey Conditioner 36, Dentsply Maillefer) for 15 s, rinsed for 20 s with distilled water and dried with paper points. Prime&Bond NT (Dentsply Maillefer) and Self-cure Activator were mixed (1:1) and applied for 20 s to the root canal wall and posts. Then, Dyract Cem Plus (Dentsply Maillefer) was placed into the canals with a #15 K-File. Posts were inserted to a length of 10 mm and held in position for at least 4 s. After the post luting procedures, all specimens were stored in 100% humidity at 37°C. Specimens of each group were randomly divided into three subgroups (n = 17) according to the removal technique:
SC: SonicFlex Endo, conical tip #67 (KaVo, Biberach, Germany).
RB: long-shaft round bur, size 12 (Komet, Lemgo, Germany).
PR: DT-Post removal kit (VDW-Antaeos).
The sonic tip (#67) and the round bur were watercooled with 3.5 bar and 1500 rpm, respectively. For removal with the DT-Post removal kit, the pilot drill was used first to drill an initial hole into the coronal part of the post and the carbide drill was used at 2000 rpm. All instruments were inserted to a length of 10 mm and moved parallel to the tooth axis with slight pressure. Techniques for post removal were analysed as follows:
Effectiveness
Scans were made with flat panel volumetric computed tomography (fpVCT, General Electric, Global Research, Niskayuana, NY, USA) before and after post removal with 80 kV and 100 mA. With 8 s recording time per rotation, a resolution of 150 lm was obtained. Removal effectiveness was assessed using the fpVCT for determination of the amount of remaining fragments of the post and cement on the root canal walls (software: Voxtool 3.0.64z, General Electric HealthCare, Chalfont St Giles, Great Britain).
Removal time
The time required for removal was recorded using a stopwatch, commencing when in contact with the post and ending when gutta-percha first appeared within the root canal.
Removal of dentine
To analyse the removal of dentine, the volume of the root canal before and after post removal was determined using the fpVCT and the difference calculated.
Failure
Severe failure -perforation, deviation from the root axis, root fracture -was recorded.
Statistical analysis was performed with a one-way ANOVA and post-hoc tests were used to determine statistically significant differences among the groups. The level of significance was set at a = 0.05 (Statistica 13.1, StatSoft, Tulsa, OK, USA). Table 1 reports the mean amount of residual post and cement on root canal walls. The lowest amount of remaining material was detected when removal was carried out with SC and RB irrespective of the post type. In contrast, post removal with PR was significantly more effective removing GF posts than CF posts (P < 0.05). Regarding the different types of posts, only removal of CF posts with PR resulted in a significant higher amount of residual material (P < 0.05).
Results

Effectiveness
Removal time
Regarding the time required for removal, significant differences among the groups were detected (P < 0.05). Mean removal times for all groups are presented in Table 2 . The shortest time for post removal was achieved with PR irrespective of the post type. SC and RB removed glass and quartz fibre posts significantly faster than carbon fibre posts (P < 0.05). For all types of posts, removal with the round bur and the sonic tip required significantly more time compared to the post removal kit.
Removal of dentine
The mean amount of removed dentine for all groups is presented in Table 3 . Only removal with SC resulted in a similar amount of removed dentine among the different post types. Most dentine was removed when the round bur was used, especially when removing QF and CF. The least amount of removed dentine was detected when removal of the quartz fibre post was carried out with the DT-post removal kit. Figures 1-3 
Failure
Fracture of the root only occurred in one specimen, when removing the quartz fibre post with the round bur. Lateral perforation occurred mainly when post removal was carried out with the round bur, irrespective of the post type. A total of twenty-six perforations and severe deviations from the root axis occurred: eight with the SonicFlex Endo, fourteen with the round bur and four with the DT-Post removal kit. Regarding the type of post, nine perforations were recorded during removal of glass fibre posts, eleven during removal of quartz fibre posts and six for carbon fibre posts. Most of the perforations (25%) occurred when the quartz fibre post was removed with the round bur. Figure 4 demonstrates an example of a lateral perforation.
Discussion
In certain cases, a fibre post must be removed in order to re-gain access to the apical part of the root canal for endodontic retreatment (5, 8, 9) . In the recent times, there have only been a few studies assessing the risks of removal procedures, working time and effectiveness of fibre post removal (1, 5, 8, 9, 11) . Additionally, Scotti et al. In the present study, teeth were examined with the flat-panel detector volume CT (fpVCT). This 3D imaging technology works with two flat panel detectors and allows exploration of teeth and volumetry of root canals at a resolution of about 150 lm in the high contrast region. Therefore, small structures such as root fractures or root canals can be detected and precisely evaluated (13) (14) (15) . Undoubtedly, other techniques for 3D imaging, for example the micro-CT, are able to provide an even more detailed resolution of less than 20 lm. Nevertheless, the fpVCT offers the opportunity to scan many teeth simultaneously, whereas micro-CT allows exploration of single teeth only. Furthermore, working with micro-CT requires long scanning times of up to 6 h, compared to a 10 s scanning process of fpVCT still providing good resolution (13) . Therefore, fpVCT is recommended for studies of large sample sizes requiring 3D imaging with high resolution. Small letters indicate statistically significant differences among one type of post (row) and capital letters among the same removal method (column). SC, SonicFlex Endo; RB, round bur; PR, DT-Post removal kit; GF, glass fibre post; QF, quartz fibre post; CF, carbon fibre post. Small letters indicate statistically significant differences among one type of post (row) and capital letters among the same removal method (column). SC, SonicFlex Endo; RB, round bur; PR, DT-Post removal kit; GF, glass fibre post; QF, quartz fibre post; CF, carbon fibre post.
In the present study, three different types of fibre post (carbon, glass and quartz fibre) were included. Similar mean post diameters were chosen to maintain standardisation. Removal of carbon fibre posts with Sonic Flex took significantly longer than the time required for removal of glass and quartz fibre posts, the latter without statistical Regarding the effectiveness of fibre post removal, a small amount of post material and cement remained after removal of glass and quartz fibre posts. Only removal of carbon fibre posts with the DT-Post removal kit resulted in a significantly higher amount of residual material. Scotti et al. (10) confirmed that there are no significant differences regarding the effectiveness of post removal between glass and quartz fibre posts. Endodontic retreatment, however, requires the removal of the entire. Nevertheless, incomplete post removal can be remedied, with residual material identified (and removed) during ongoing endodontic appointments. Undoubtedly, in clinical practice, posts should be removed under magnification with a microscope. In this study, removal was carried out without magnification, consistent with other comparable studies (1, 10) .
Assessing dentine removal, the 'gentlest' method was the DT-Post removal kit, especially with removal of quartz fibre posts. Kim et al. (12) evaluated volumetric changes of the post space before and after post removal by means of the micro-CT and reported that removal of glass fibre posts with an ultrasonic device resulted in only small amounts of removed dentine. Another study describes no statistically significant difference regarding dentine removal when glass and fibre posts were removed with an ultrasonic instrument (10) . In the present study, the highest amount of removed dentine was recorded with removal of the carbon fibre post with the round bur, most likely due to difficulties maintaining the bur parallel to the long-axis of the root -in all subgroups, irrespective of the post type, removal with the round bur resulted in a higher amount of removed dentine. When considering the number of failures, most perforations occurred when post removal was carried out with the round bur. Nevertheless, there was a high risk for root perforation during fibre post removal irrespective of the technique. Capar et al. (18) found that fibre post removal with drills does not have a significant impact on crack propagation, further confirmed by the rare occurrence of root fractures in this study.
Conclusions
Within the limitations of this study, no technique was found to produce satisfactory results associated with loss of dentine, working time as well as safely removing quartz, carbon or glass fibre posts. Perforations and severe deviations from the root axis have been found to be a severe problem during post removal irrespective of the technique used.
